The formation of chimeric mRNAs is a strategy used by human cells to increase the complexity of their proteome, as revealed by the ENCODE project. Here, we use Saccharomyces cerevisiae to show a way by which trans-spliced mRNAs can be generated. We demonstrate that a pretRNA inserted into a premRNA context directs the splicing reaction precisely to the sites of the tRNA intron. A suppressor pretRNA gene was inserted, in cis, into the sequence encoding the third cytoplasmic loop of the Ste2 or Ste3 G proteincoupled receptor. The hybrid RNAs are spliced at the specific pretRNA splicing sites, releasing both functional tRNAs that suppress nonsense mutations and translatable mRNAs that activate the signal transduction pathway. The RNA molecules extracted from yeast cells were amplified by RT-PCR, and their sequences were determined, confirming the identity of the splice junctions. We then constructed two fusions between the premRNA sequence (STE2 or STE3) and the 5-or 3-pretRNA half, so that the two hybrid RNAs can associate with each other, in trans, through their tRNA halves. Splicing occurs at the predicted pretRNA sites, producing a chimeric STE3-STE2 receptor mRNA. RNA trans-splicing mediated by tRNA sequences, therefore, is a mechanism capable of producing new kinds of RNAs, which could code for novel proteins.
I n higher eukaryotes, most genes contain one or more introns, which are removed by the spliceosomal complex in a regulated manner. When multiple introns are present, alternative splicing provides a way to increase the number of mRNAs from each gene and hence to enhance protein diversity. In lower eukaryotes, like the yeast Saccharomyces cerevisiae, only Ϸ250 genes of Ͼ6,000 contain an intron, and for most of them, a single intron is present. Splice-site sequences in yeast introns are characterized by a strict consensus, and alternative splicing is rare (1, 2) .
The formation of chimeric mRNAs constitutes another strategy that eukaryotic cells can use to increase proteome complexity. This phenomenon is much more widely spread than previously thought. Recent studies have shown that many of the human genes analyzed in the ENCODE project use exons lying outside their canonical boundaries (3, 4) .
Chimeric mRNAs can be generated by several mechanisms. In one way, an exon of one gene is fused to an exon of a different gene in a reaction mediated by the spliceosome complex. This fusion can occur in cis, when the two exons derive from two adjacent cotranscribed genes (5, 6) , or in trans, when the two exons come from different premRNA transcripts (7, 8) . Another way for the generation of chimeric transcripts requires the use of a tRNA-splicing endonuclease. We have shown that an endonuclease of archaeal origin can carry out trans-and cis-splicing of mRNA in cultured mouse cells (9) .
The expression of tRNA genes in most organisms requires the accurate removal of intervening sequences. In Bacteria, pretRNA splicing is autocatalytic, whereas in Archaea and Eukarya, these introns are removed by endonucleases. The archaeal tRNA splicing endonucleases recognize a structural element in the pretRNAs comprised of two 3-nt bulges separated by a 4-bp helix, the so-called bulge-helix-bulge (BHB) motif. The BHB motif is recognized and cleaved independently of the mature tRNA domain (10) . In Eukarya, the splicing mechanism of pretRNAs is more complex. The scenario of tRNA splicing is normally dominated by the mature tRNA domain (11) (12) (13) (14) . The three-dimensional structure of the mature domain is important in recognition by the eukaryal endonucleases, which bind to one or more recognition sites common to all pretRNAs and measure the distance to the equivalently positioned intron-exon junctions (15, 16) . Several studies have shown that the intron itself contributes to specific splice site recognition and that important interaction elements also lie at the intron-exon boundaries (17) (18) (19) .
In a previous study, we have shown that long noncanonical pretRNA molecules, containing the BHB structure, are correctly cleaved and ligated in S. cerevisiae, producing functional tRNAs (20) . Here, we addressed the question whether the yeast tRNA splicing system can specifically splice mRNA sequences. Because the yeast tRNA endonuclease, like its eukaryotic homologues, generally requires the presence of the mature tRNA domain to precisely recognize and cleave at the splice sites, we used premRNAs in which tRNA sequences were inserted. We demonstrate that splicing of hybrid premRNAs/pretRNAs indeed occurs at the sites predicted by the sequence and conformation of the pretRNA, producing functional mature mRNAs and tRNAs. Splicing of hybrid RNA molecules takes place both in a cis-and, more interestingly, also in a trans-state, i.e., when the pretRNA structure is split between complementary 5Ј-and 3Ј-pretRNA halves that are fused to different premRNA sequences. This way of producing trans-spliced chimeric RNAs may have important implications for the comprehension of the complexity of eukaryotic genomes.
Results

A PretRNA Sequence Can Be Removed from the Middle of a PremRNA.
We used the S. cerevisiae mating signal transduction pathway as a model system. The advantages of this system are that it is well known genetically and biochemically, and that the signals elicited by pheromones are amplified hundreds of times, so that a suitable reporter gene product located at the end of the pathway could be detected even in the presence of a weak signal.
We inserted a tRNA gene sequence, containing or lacking the BHB motif, into the sequence encoding the third cytoplasmic loop of the Ste2 or Ste3 receptor (which bind, respectively, the pheromones ␣-or a-factor). It should be mentioned that the STE2 and STE3 genes, like most S. cerevisiae genes, are devoid of introns. The tRNA inserted into the receptor premRNA was SUP4 tRNA Tyr , a well known suppressor of nonsense ochre (UAA) mutants (21) . To ensure continuity of the hybrid transcript, the tRNA 5Ј-and 3Ј-ends were joined at the level of the acceptor stem. In addition, an artificial CCA sequence was added at the tRNA 3Ј-end. A mature tRNA can be obtained from this precursor if the tRNA splicing endonuclease cleaves at the pretRNA splicing sites, the cut ends are ligated, and a cleavage by RNase P occurs, leaving a mature 5Ј-end and a 3Ј-terminal CCA in the tRNA (20, 22) . Very recently, a similar gene organization has been found in a red alga (23) .
The hybrid premRNAs/pretRNAs transcribed by the gene constructs are shown in Fig. 1 . In one type of construct, the SUP4 pretRNA carries the BHB feature ( Fig. 1 Upper Left), whereas in another one, the pretRNA is identical to wild-type SUP4 pretRNA, which lacks the BHB (Fig. 1 Lower Left) . Correct cleavage by the tRNA splicing endonuclease, followed by RNA ligation and RNase P cut, should release from both kinds of hybrid precursors mature SUP4 tRNA and receptor mRNAs with an additional stem-loop sequence (Fig. 1 Right) .
The tRNA Spliced from the Hybrid PremRNA/PretRNA Is Functional in Suppression. The mature SUP4 tRNA Tyr produced by correct splicing of the hybrid precursors shown in Fig. 1 was analyzed by its ability to suppress nonsense mutations in appropriate genes in S. cerevisiae. The STE2 or STE3 genes, containing in their middle the pretRNA sequence (with or without the BHB), were introduced into a yeast strain (PJ17-1A) bearing ochre nonsense mutations in three different loci, met4-1 o , lys2-1 o , and ade2-1 o . These mutations require increasing levels of SUP4 tRNA Tyr to be suppressed, i.e., met4-1 o is suppressed by low levels, lys2-1 o is suppressed by intermediate levels, and the ade2-1 o mutation requires high levels of expression of the SUP4 gene (24) . This difference is due to the functionality of the mutated protein when tyrosine is inserted as a replacement for the wild-type amino acid. The use of a multiple ochre mutated strain permits an evaluation of the levels of expression of the SUP4 gene and also avoids the potential deceit of misinterpreting revertants of the nonsense mutation as true suppression events. The yeast strain PJ17-1A carrying a plasmid containing the gene for the hybrid premRNA/pretRNA was plated onto selective media without methionine, lysine, or adenine and compared with cells containing the vector alone. In Fig. 2A , we show that both the STE2 and STE3 genes containing the pretRNA insert produce enough mature SUP4 tRNA Tyr to suppress the met4-1 o mutation (the easiest to be suppressed). A slight suppression was obtained for the lys2-1 o mutation, and there was almost no suppression of the ade2-1 o mutation.
To increase the amount of mature SUP4 tRNA Tyr , we made use of the observation (25) that the tap1-1 mutation in the RAT1/TAP1 gene, which encodes a 5Ј-3Ј exoribonuclease (26, 27) , increases the expression of a defective tRNA gene. When we analyzed the tap1-1 mutant containing the constructs bearing the hybrid premRNA/ pretRNA, a very good level of suppression was obtained for the lys2-1 o and even for the ade2-1 o mutation (Fig. 2B) .
Another way to determine suppression of the nonsense ade2-1 o mutation is to grow the transformed cells on rich media. On these plates, ade2 mutant colonies appear red, because of the accumulation of a pigment, whereas the congenic wild-type ADE2 ϩ strain is white. Depending on the level of suppression, yeast colonies carrying a suppressor tRNA will be white (high suppression level), pink (intermediate level), or red (no suppression at all) (20, 25) . Upon correct cleavage by the tRNA splicing endonuclease and ligation, the hybrid premRNAs/pretRNAs should generate, in addition to mature SUP4 tRNA, mRNAs containing a short stem-loop insertion that, after translation, should produce functional receptors active in signal transduction. We constructed the hybrid precursors such that only spliced RNA molecules would provide translatable mRNAs. If no splicing occurs, the precursors cannot be translated because of the presence of two stop codons in the inserted tRNA sequence.
The hybrid genes were introduced into a yeast strain (DDS2) whose main features consist of deletions of the endogenous STE2 and STE3 genes; deletion of FAR1 (allowing continuous growth even during mating pathway activation; ref. 28); and a mutation in the SST2 gene, which encodes a regulatory protein that, when mutated, renders the strain supersensitive to pathway activation (29, 30) . Additionally, this strain carries a lacZ reporter gene placed under the control of the FUS1 promoter (which is activated by the signal transduction pathway when pheromones bind to their recep- The first nucleotide at the 5Ј-side of the bottom stem of both precursors is position no. 705 in the STE2 premRNA and position no. 594 in the STE3 premRNA. Note that the 5Ј-side is shown on the right and the 3Ј-end on the left. Two stop-codons (UAA) are indicated in bold. Upon cleavage of the precursors by the tRNA splicing endonuclease and RNase P (short arrows), and after RNA ligation, two RNA molecules are produced: the mature SUP4 tRNA Tyr (Middle Right; the anticodon is in bold) and receptor mRNAs containing a stem-loop insertion (Top and Bottom Right). Encoded amino acids in the stem-loop are shown next to the middle codon-base. Arrows indicate the junction site. The bottom part of the stem corresponds to the NcoI site (CCATGG). In one particular hybrid precursor of the STE2 mRNA, the endogenous StyI site (CCTTGG) of the STE2 gene (position no. 705-710) was used: in this case, the nucleotide sequence at the bottom of the stem (right strand) is 5Ј-CCUUGGUGCGAGAGGA-3Ј. This sequence is 3 nt longer than the one containing the NcoI site but has the same number of complementary nucleotides. The rest of the construct is unchanged. The encoded amino acid sequence resulting after the splicing of the StyI-containing sequence is NH 2-LGARGKDILSHL-COOH. tors). ␤-Gal activity is therefore a measure of the induction level of the signal transduction pathway.
In Fig. 3 , we show that both for the hybrid STE2 premRNA/ pretRNA (Fig. 3A) and STE3 premRNA/pretRNA (Fig. 3B) , there is strong induction of FUS1-lacZ expression. Because the spliced mRNA carries an insertion of a stem-loop, an additional amino acid sequence is present in the protein. This sequence varies depending on whether the pretRNA contains or lacks the BHB structure. The hybrid precursor used in the experiment shown in Fig. 3A , column 1, carries a BHB motif and the amino acid sequence inserted in the third cytoplasmic loop as a result of splicing is LGARGKDILSHL. The level of ␤-Gal activity is Ϸ40% of that obtained with full induction, i.e., in the presence of a wild-type Ste2 receptor (Fig. 3A, column 5 ). Full induction was obtained also with a STE2 construct containing the same stem-loop as a within-frame insert (data not shown): this last result is an indication there are not appreciable effects on the translation of these mRNAs because of the presence of a stem-loop. Two other hybrid constructs, with a different nucleotide sequence, one containing the BHB motif (encoding the amino acid sequence HGRGKDILYH as a result of splicing) and the second one lacking the BHB motif (giving the amino acid sequence HGEDHYEFPHH), were not functional when made with the STE2 gene (Fig. 3A , columns 2 and 3) but gave a high level of induction when used with the STE3 gene (Fig. 3B,  columns 1 and 2) . A possible explanation of this difference is that the inserted amino acid sequence affects the activity of the Ste2 and Ste3 receptor differently, although we cannot exclude that there is also a variation in the splicing efficiency of the hybrid precursors.
Splicing of Hybrid PremRNA/PretRNA Takes Place Precisely at the tRNA Splicing Sites. We conclude from the experiments shown in Fig.  3 that a hybrid premRNA/pretRNA can produce a functional mRNA that is correctly translated. These experiments, however, do not indicate the exact positions where the splicing takes place. To determine the splicing sites, we analyzed the RNA transcripts by RT-PCR. Total RNA was extracted from yeast cells containing the various plasmids encoding the hybrid precursors. The cDNA was generated by reverse transcription by using suitable primers, and the cDNA was then amplified by PCR by using specific primers corresponding to sequences upstream and downstream from the tRNA sequence inserted into the prem-RNA. Fig. 4 A and B show, respectively, the RT-PCR analysis for the STE2 and STE3 constructs. In Fig. 4A , lane 1, a major band is shown that has the size expected for the unspliced precursor and, below it, a minor band whose size corresponds to the spliced product. To increase the visibility of the putative spliced product, we exploited the fact that the SUP4 tRNA gene bears a SmaI site in its middle. We digested the unspliced cDNA band with SmaI and then reamplified it with the same pair of primers. Now, the putative spliced product was markedly increased (Fig. 4A, lanes  2 and 4) . Similar results were obtained for the hybrid construct that does not contain the BHB sequence, but in this case, the band corresponding to the spliced product was seen only in the SmaI-digested reaction (Fig. 4A, lane 6) .
For the experiment shown in Fig. 4B , performed with the STE3 hybrid precursor, we improved the ability to detect the splicing products by using primers that were more specific for the spliced -1 o, lys2-1o, ade2-1o) , carrying the following hybrid precursors containing the NcoI site (unless otherwise stated), with or without the BHB motif, was patched (two transformants of each construct) on plates lacking methionine: STE2 premRNA/BHB-SUP4 pretRNA, containing the StyI site (patches 1); STE2 premRNA/BHB-SUP4 pretRNA (patches 2); STE2 premRNA/SUP4 pretRNA (patches 3); STE3 prem-RNA/BHB-SUP4 pretRNA (patches 4); STE3 premRNA/SUP4 pretRNA (patches 5); vector PYX 212 alone (patches V). (B and C) Transformants of the strain GDS4 -16D (tap1-1), carrying the hybrid precursor STE2 premRNA/BHB-SUP4 pretRNA containing the StyI site (streak 1), were streaked on plates lacking lysine or adenine (B), or on rich YPD plates (C), compared with the same strain carrying the vector alone (streak V). Red colonies result from a nonsense mutation in the ade2 gene, whereas suppression of this mutation restores the white color. mRNA than for the unspliced one (the last two nucleotides of the primer, of 20, binding preferentially to the spliced product). In this way, we could easily detect the product corresponding to the spliced mRNA (Fig. 4B, lanes 2 and 4) . We sequenced all of the bands purified from the agarose gel and confirmed that the unspliced and spliced products were indeed exactly as expected (see the chromatograms in Fig. 4 ).
Trans-Splicing Mediated by tRNA Sequences Can Produce Chimeric mRNAs.
We concluded from the experiments described so far that a pretRNA domain inserted into a premRNA context could direct the splicing reaction precisely at the sites typical of tRNA introns. This reaction takes place in a continuous RNA molecule where the pretRNA is placed in cis with respect to the premRNA. We reasoned it is plausible that the same reaction could occur even when the pretRNA domain is formed in trans from its two tRNA halves. Fig. 5A shows a scheme of this concept: two different premRNA sequences (1 and 2) are brought into association through their tRNA halves; splicing mediated by the tRNA domain produces a chimeric mRNA. In Fig. 5B , we show the sequences of the two components of the trans-splicing reaction. In this case, one element is the 5Ј-half of the STE3 gene joined to the 3Ј-half of the SUP4 tRNA gene. The second element is the 3Ј-half of the STE2 gene joined to the 5Ј-half of the SUP4 tRNA gene. The two tRNA halves are able to form a BHB structure and reconstitute a mature tRNA domain. A splicing reaction occurring at the predicted tRNA sites would generate mRNA encoding a Ste3-Ste2 chimera. The two DNA components were placed on different plasmids (which is analogous to having them in different chromosomes). The RNA extracted from yeast cells expressing both plasmids was reversetranscribed, and PCR was performed by using two primers specific, respectively, for the STE3 and the STE2 genes. The reaction product was electrophoresed on an agarose gel (Fig. 5C) , and a DNA band, with a size corresponding to the expected spliced product, was purified and sequenced. The chromatogram in Fig. 5D shows a sequence that is indeed a chimera between STE3 and STE2; moreover, the joint is precisely the one predicted by the position of the splicing sites of the pretRNA domain. This result is thus a clear demonstration that a previously undescribed kind of transsplicing reaction, mediated by tRNA sequences, can produce chimeric mRNAs.
The chimeric mRNA would produce, if translated, a chimeric receptor protein, which is very unlikely to be functional. We then performed the same trans-splicing experiment as in Fig. 5 using both halves of the STE3 mRNA joined to the two halves of the SUP4 tRNA. In this case, trans-splicing of the two hybrid RNA molecules reconstituted a full-length STE3 mRNA that, after translation, was active in signal transduction [supporting information (SI) Fig. S1 ]. This result shows that the trans-spliced mRNA is functional.
Discussion
In this work, we demonstrated that trans-spliced RNAs could be produced in eukaryotic cells by means of tRNA sequences adjacent to them, therefore potentially increasing the diversity of the transcriptome and proteome. We have first shown that premRNAs, in which pretRNA sequences have been inserted in cis, are spliced at the specific pretRNA splicing sites in yeast cells. The hybrid premRNA/pretRNA molecules release, upon splicing, a mature functional tRNA and a correctly translatable mRNA. In our case, we used the nonsense suppressor SUP4 tRNA Tyr and the mRNAs encoding the Ste2 or Ste3 G proteincoupled receptor, which activate the yeast mating signal transduction pathway. Subsequently, we constructed two fusions between the receptor mRNA sequence (STE2 or STE3) and the SUP4 5Ј-or 3Ј-tRNA half, so that the two RNA molecules can associate with each other, in trans, through the tRNA halves. In this case, too, splicing occurs at the pretRNA splicing sites, producing a chimeric STE3-STE2 receptor mRNA.
The enzyme responsible for the cleavage reaction is presumably the tRNA splicing endonuclease. In fact, the splice sites of the cisor trans-spliced premRNA/pretRNA are precisely those one would expect for a cleavage performed by the tRNA splicing endonuclease. Many studies with purified tRNA endonucleases from different organisms, and the use of mutants, have given us a very detailed picture of the cleavage reaction, and we are able to predict the exact splice positions in the pretRNA on the basis of its sequence and conformation (11, (31) (32) (33) . Another enzyme, Ire1p, which has both kinase and endoribonuclease activities, cleaves HAC1 mRNA in yeast (34) and XBP1 mRNA in mammals (35) , generating a 2Ј,3Ј-cyclic phosphate and a 5Ј-OH like the tRNA splicing endonuclease, but recognizes completely different RNA structural features, and therefore it is very unlikely that it could be involved in the findings shown here (36) . The most likely candidate to ligate the cleaved premRNA sequences is the yeast tRNA ligase. This enzyme has already been shown to participate in the ligation of substrates other than tRNAs, such as HAC1 mRNA (37) . In a previous work in mouse cells, we showed that both possible RNA recombinants were generated in the trans-splicing event initiated by the archaeal endoribonuclease (9).
We could not detect splicing in mRNA precursors containing the BHB structural motif alone, i.e., without the mature tRNA domain; however, it is possible that this reaction occurs at low efficiency, below detection level in our experimental conditions. In fact, we have already shown that, at least in vitro, eukaryotic tRNA splicing endonucleases can cleave RNA molecules containing a BHB structure (11, 19) . Based on the vast body of data available on tRNA splicing, it is plausible to maintain that the major determinant for the splicing reaction would be the conformational feature of the RNA, rather than a particular sequence.
Trans-splicing of mRNAs mediated by tRNA sequences could take place in eukaryotic cells through the presence of numerous tRNA genes or pseudotRNA genes, which are usually interspersed in the genome. Their number ranges from several hundred, for bona fide genes, up to 22,000 for pseudogenes, as in mouse (38) . PretRNA sequences (or parts of them) adjacent to premRNAs, if associating with each other, could in principle reconstitute a tRNA or a tRNA-like structure able to promote tRNA-mediated splicing of premRNAs. A support for this concept comes from Archaea, where several instances of functional tRNAs being created by trans-splicing of separate 5Ј-and 3Ј-halves have been identified (13, 39, 40) .
Another feasible way to achieve trans-splicing of mRNAs by the tRNA endonuclease is to exploit the vast repertoire of repetitive sequences present in eukaryotic organisms. In the human genome, about half of the nucleotide sequence consists of repetitive elements (41) . The short repeats (SINEs, short interspersed nuclear elements) are related to tRNA genes or other RNA Polymerase III-transcribed genes, and their number ranges from a few hundred to Ϸ500,000 for the MIR (mammalian interspersed repeats), which is a tRNA-derived family (42) . Moreover, there are more than one million copies of the Alu elements, the most abundant family of repeats typical of humans and other primates, that by themselves comprise Ϸ10% of the whole genome (43) . In the past, repetitive sequences were called ''junk'' DNA. Nowadays, however, considerable evidence points to a more complex picture, where repetitive elements can be recruited to reshape the genome and promote its evolution. Repetitive sequences thus constitute a large reservoir of potential regulatory elements, functioning, for instance, in alternative splicing, RNA editing, transcription and translation regulation (43) (44) (45) .
A repetitive sequence (or part of it) that is found inside the coding region of an mRNA, as shown in many cases (45) , could be cleaved, in some instances, by the tRNA splicing endonuclease. Such a case would be equivalent to the cis splicing described in this Table S1 ). The DNA was electrophoresed on an agarose gel (lane 1) together with size markers (M); the DNA band indicated by an arrow was excised and purified. (D) The chromatogram of the sequence of the DNA purified from the gel is shown. The two NcoI sites (CCATGG), corresponding to the sequence at the bottom of the inserted stem, are underlined; the sequence between the two sites corresponds to the inserted stem-loop. The left sequence of the chromatogram matches STE3, and that on the right matches STE2. The short arrow indicates the splice junction. study. Alternatively, two repetitive sequences, or parts of them, may be adjacent to two different genes: one repeat at the 5Ј side of one gene and the other repeat at the 3Ј side of a second gene. If the two repeats can associate with each other through complementary sequences, it is conceivable that trans-splicing mediated by the tRNA splicing endonuclease can occur. An extensive screening of human or other eukaryotic genome databases should reveal protein-encoding genes next to tRNA sequences or tRNA-like repeats capable of associating with each other to form RNA structures potentially cleavable by the tRNA splicing endonuclease. A targeted experimental analysis would then elucidate the actual presence of trans-spliced RNAs of this type and their splice sites.
The ENCODE project is committed to unraveling the complexity of human genome expression (46) . Besides alternative splicing (47) , spliceosomal trans-splicing (7, 48) , start and stop of transcription at sites other than the canonical signals (3), we propose that trans-splicing of mRNAs mediated by tRNA-derived sequences is another possible way to produce novel proteins.
Materials and Methods
Strains and Plasmids. S. cerevisiae strains were: PJ17-1A (MATa, trp1, ura3-1 . In strain DDS2, the STE2 and FAR1 genes were deleted by using the hit-and-run system as described in ref.
50. The sst2 mutant was isolated as a spontaneous blue colony on X-Gal plates; the SST2 gene was sequenced and found mutated at position 1650 (C3 G). This mutation creates a stop codon. Bacterial plasmid pUC19 and the yeast shuttle vectors (R&D Systems) PYX212 (URA3-2-TPI promoter), PYX222 (HIS3-2-TPI promoter), and PYX213 (URA3-2-GAL promoter) were used. Growth media were as described (20) .
Hybrid Receptor/tRNA Gene Constructs. The STE2 gene was provided by L. Hartwell (University of Washington, Seattle); the STE3 gene was obtained by PCR. The StyI site (CCTTGG) in STE2 (nucleotide position nos. 705-710) and the sequence TTCAGG in STE3 (nucleotide position nos. 594 -599) were mutated by PCR-based techniques to the NcoI site (CCATGG). SUP4 tRNA gene sequences were introduced into, or joined to, the receptors' genes (at the StyI or NcoI sites) by means of one or more pairs of oligonucleotides, synthesized using the 392 DNA/RNA Synthesizer (Applied Biosystem). Annealing and ligation were according to standard procedures. The ␤-Gal assay to determine signal transduction activity of the receptors was performed as described (50) .
RNA Extraction, RT-PCR, Agarose Gel Electrophoresis, and Sequencing. Standard techniques were used. For experimental details, see SI Materials and Methods and Table S1 .
